[1] Synchronous acceleration and thinning of southeast (SE) Greenland glaciers during the early 2000s was the main contributor that resulted in the doubling of annual discharge from the ice sheet. We show that this acceleration was followed by a synchronized and widespread slowdown of the same glaciers, in many cases associated with a decrease in thinning rates, and we propose that ice sheet-ocean interactions are the first-order regional control on these recent mass changes. Sea surface temperature and mooring data show that the preceding dynamic thinning coincides with a brief decline in the cold East Greenland Coastal Current (EGCC) and East Greenland Current. We suggest this decline was partly induced by a reduction in ice sheet runoff, which allowed warm water from the Irminger Current to reach the SE Greenland coast. A restrengthening of the cold waters coincides with the glaciers' subsequent slowdown. We argue that this warming and subsequent cooling of the coastal waters was the cause of the glaciers' dynamic changes. We further suggest that the restrengthening of the EGCC resulted in part from cold water input by increased glacier calving during the speedup and increased ice sheet runoff. We hypothesize that the main mechanism for ice sheet mass loss in SE Greenland is highly sensitive to ocean conditions and is likely subject to negative feedback mechanisms.
Introduction
[2] During the early 2000s, the Greenland Ice Sheet's annual ice discharge doubled, primarily as the result of widespread glacier acceleration and consequent thinning of the ice sheet's southeast (SE) sector [Luthcke et al., 2006; Rignot and Kanagaratnam, 2006; Howat et al., 2008; Wouters et al., 2008] . During the period [2003] [2004] [2005] , southeast (SE) Greenland's outlet glaciers were dramatically thinning [Stearns and Hamilton, 2007; Howat et al., 2007 Howat et al., , 2008 , accelerating [Luckman et al., 2006; Rignot and Kanagaratnam, 2006; Howat et al., 2008] , and retreating [Howat et al., 2007 Moon and Joughin, 2008] . Then, during 2006, two of the largest outlet glaciers in the sector, Helheim and Kangerdlugssuaq, were reported to have slowed down simultaneously [Howat et al., 2007] , ceased thinning [Stearns and Hamilton, 2007; Howat et al., 2007] , and readvanced , and there was some indication that other glaciers in the region followed suit Moon and Joughin, 2008] . Insufficient understanding of the controls on the speed of these outlet glaciers meant it was unknown whether these changes represented profound alterations in the ice sheet mass budget or simply a short-lived event. Furthermore, it was unclear whether the slowdown was regionally widespread and synchronous, or whether individual glaciers were responding to local factors, for example, fjord bathymetry as suggested by both Howat et al. [2008] and Nick et al. [2009] .
[3] The synchronous nature of the speedup event suggests a regional forcing [e.g., Luckman et al., 2006] . Two possible regional forcings that can affect tidewater glaciers are atmospheric and fjord/ocean temperatures.
[4] Atmospheric warming can cause increased surface meltwater and, if this water reaches the glacier bed, affect glacier speeds by increasing lubrication and hence basal sliding. This is a well-known effect for valley glaciers and was first reported to occur on the Greenland Ice Sheet by Zwally et al. [2002] . Additional meltwater feeding into crevasses close to the glacier margin may also result in higher calving rates [Benn et al., 2007] . Also fresh and buoyant subglacial water originally derived from surface melt that is released at the front margin can drive convection of warm fjord water and greatly increase calving cliff melt rates [Motyka et al., 2003] , causing undercutting and enhanced calving rates.
[5] Warm surface water in the fjords can reduce the duration and extent of fjord ice as well as the presence and integrity of the ice mélange that forms in front of many of these SE Greenland tidewater glaciers. The mélange consists of small pieces of calved ice and sea ice (we have used the term mélange in preference to "sikkusak" to maintain consistency with Amundson et al. [2010] ). Reduction in fjord ice will significantly lower the albedo and thus increase atmospheric warming, as well as increasing the length of time when the glacier's front margin is exposed to wave action. The presence of an ice mélange may provide backstress to the glacier, stabilizing the calving front [Amundson et al., 2010] , as well as potentially changing circulation within the fjord [c.f., Motyka et al., 2003] . Warm water can also increase undercutting of the glacier's highly sensitive calving front [Motyka et al., 2003; Nick et al., 2009] and, if the front is floating, greatly increase basal melt rates [P. R. . Furthermore, thinning of the glacier tongue can cause reduced effective pressures beneath the glacier, promoting faster flow [Pfeffer, 2007] .
[6] In this paper, we describe the oceanographic setting of the SE Greenland region and then undertake two analyses to explore the relationship between oceanic processes and glacier dynamics. First, we report flow speeds, surface elevation, and calving front positions for a large number of tidewater terminating glaciers in SE Greenland. These data build on and add detail to the analysis reported in the work of Howat et al. [2008] . We focus on the regions of highest mass loss [Luthcke et al., 2006; Wouters et al., 2008] was not driven by increases in the amount of surface meltwater but coincided with the presence of warm water, probably of Irminger Current origin, at the coast; furthermore, the period of fast flow ended when cold water returned to the coast. We present evidence that that the speedup was probably terminated in part by increased discharge from the glaciers themselves, which increased ice sheet runoff and iceberg calving. This discharge introduced additional cold water strengthening the East Greenland Coastal Current (EGCC). Finally, we argue that this negative feedback of ice sheet-derived cold water strengthening the coastal current helped prevent continued very fast mass loss from the Greenland Ice Sheet.
Oceanographic Setting
[7] The continental shelf in the SE Greenland region varies from 60 to 200 km wide and is typically a few hundreds of meters deep (Figure 1 ). Deep troughs are eroded into the shelf extending from the fjords of all the current major outlet glaciers. For example, the trough of Kangerdlugssuaq glacier is more than 500 m deep and ∼300 km long, and those of Helheim and Glydenlove glaciers are more than 750 m deep and ∼250 and ∼100 km long, respectively. In contrast with west Greenland fjords, the literature suggests these SE Greenland fjord/trough systems do not have sills [Buch, 2002] . The IBCAO bathymetry data [Jakobsson et al., 2008] (see http://www.ibcao.org) shows the troughs shallowing toward the shelf edge, with depths ∼350-400 m at the shelfbreak, and also shallowing toward the coast (Figure 1 ). These data are more robust in regions frequented by shipping, so the former is likely to be correct, but the data are especially unlikely to be robust near the SE Greenland coast. For example where shallow water (∼200 m) is shown at the mouth Figure 1 . SE Greenland location map. The figure is a composite of Landsat Zulu images (https://zulu.ssc.nasa.gov/ mrsid/) and IBCAO bathymetry data [Jakobsson et al., 2008] (see http://www.ibcao.org). Bathymetric contours at 250 m depth intervals, yellow dashed lines shows the shelf break. While bathymetric data are indicative, there are likely to be limitations, especially close to the shore as this region is unfrequented by shipping. Labels 1-15 denote major outlet glaciers: 1, Kangerdlugssuaq; 2, Nordre; 3, Kruuse; 4, Midgard; 5, Helheim; 6, Ikertivaq; 7, Koge Bugt; 8, Gyldenlove; 9, Bernstorff; 10, Skinfaxe, Guldfaxe and Rimfaxe; 11, Heimdal; 12, Tingmiarmiut; 13, Mogens; 14, Puistortuq; 15 of Helheim Glacier's Sermilik Fjord, our measurements show depths of ∼900 m.
[8] Figure 1 shows ocean circulation patterns along the SE Greenland coast. The warm Irminger Current (IC) transports high-salinity water northward from the Atlantic. The current bifurcates to the west of Iceland, and one branch flows southward along the SE Greenland coast. Situated between the IC and the coast are the cold East Greenland Current (EGC), which transports low salinity water of Arctic origin southward, and the East Greenland Coastal Current (EGCC). The EGCC flows southward along the coast on the landward side of the continental shelf [Bacon et al., 2002] (Figure 1 ) and is composed of fresh, cold water [Bacon et al., 2002; Sutherland et al., 2009] . The current is ∼15 km wide, ∼100 m deep and has peak surface speeds of ∼0.5-1 m s −1 [Bacon et al., 2002; Sutherland and Pickart, 2008] . The EGCC has been suggested to be an inshore branch of the cold East Greenland Current, routed to the coast through major glacial troughs [Sutherland and Pickart, 2008] . Profiles of temperature, salinity, and flow velocity across the continental shelf show that the EGCC starts at Kangerdlugssuaq is strongest at the latitude of Helheim Glacier and weakens further south ( Figure 1 ) [Sutherland et al., 2009] .
[9] Observations suggest that a component of the EGCC originates from the ice sheet [e.g., Bacon et al., 2002] , with water input from the SE Greenland coast, particularly during summer; however, there is debate concerning the relative contribution to the EGCC of ice sheet versus sea ice sources [Bacon et al., 2002; Sutherland et al., 2009] . Water salinity and temperature increase with distance offshore and from the surface toward the bottom at Kap Farvel (location in Figure 1 ), which supports the assertion that a freshwater component originates from onshore [Bacon et al., 2002] . Moreover, sea ice export through the Fram Strait typically ceases during July/August [Sandven et al., 2007] . Sutherland and Pickart [2008] showed that the melt of sea ice sourced primarily from the Fram Strait, meltwater from the Greenland Ice Sheet (via calved ice and runoff), and other Arctic freshwater sources contributed ∼10-12% volumetrically to the EGCC during 2004. The analyses in our paper provide further evidence that the relative contribution to the EGCC of sea ice melt and ice sheet runoff vary through the summer months and between years, and we show that sea surface temperature data evidence warm water diverted to the coast during the summer along the Kangerdlugssuaq trough.
3. Methods 3.1. Measurement of Glacier Flow Speed, Surface Topography, and Terminus Positions
[10] We derived flow speeds of nine major tidewater outlets from the SE Greenland Ice Sheet (Figure 1 ) using crosscorrelation feature tracking [Scambos et al., 1992; Strozzi et al., 2002] on pairs of ASTER, Landsat-7, and ENVISAT-ASAR images, and repeated lidar swaths. We choose summer images to derive speeds and are primarily interested in the interannual variations: seasonal speed variations of tidewater glaciers have been shown to be up to ∼15% , so only changes larger than this should be considered significant. Glacier elevation changes were measured for 24 tidewater outlets by combining digital elevation models (DEMs) from ASTER satellite stereo images, extracted using PCI Geomatics Orthoengine, with airborne lidar and SPOT-5 DEMs. All DEMs were derived for summer (typically JulyAugust) to minimize seasonal effects and allow us to elucidate long-term trends. Systematic errors between DEM pairs were reduced by matching elevations of stable rock areas. Even so, the accuracy of the DEMs from which these elevation changes were produced is considered to be ±10 m (ASTER and SPOT-5) and ±0.10 m (lidar). Changes in surface elevation were averaged along profiles, typically 10 km in length, but in some cases somewhat shorter (details are given with the results). The profiles extended upglacier from the furthest retreated calving front position and each had the same length during all epochs. Calving front positions, which can have intra-annual variations of several kilometers, were extracted for 36 glacier fronts from orthorectified imagery of the same sources. Our measurements of frontal positions used multiple images through the summer months (typically April-October).
3.2. Surface Mass Balance, Accumulation, and Runoff
[11] We estimated surface mass balance for each SE Greenland catchment (Figure 1 ) by extracting results from monthly modeled Greenland runoff and accumulation maps. The method for delineating catchment regions is based on a DEM and ice thickness data set [Bamber et al., 2001] . Helheim and Kangerdlugssuaq's catchments are around 85% of the area of the south catchment (Figure 1) , which is the largest in the region (Table 1) .
[12] Runoff was modeled for the catchments using a degree-day model with different degree-day factors for snow and ice, taking into account surface meltwater retention by pore infilling and refreezing [Hanna et al., 2005] . The model uses downscaled air temperatures from the European Center for Medium-Range Weather Forecasting (ECMWF), corrected for surface orography [Ekholm, 1996] and empirically derived lapse rates. The accumulation was modeled from ECMWF reanalyses. Both runoff and accumulation were calculated on a 5 km grid. Model errors were estimated to be 10% for runoff [Hanna et al., 2005] and 20% for accumulation . We also analyzed air-temperature data from Tasiilaq, which is at the coast and situated close to the Helheim and Ikertivaq catchments [Cappelen et al., 2008] .
Measurement of Ocean Temperature and Salinity
[13] Temperature and salinity were measured at hourly or higher temporal resolution at two moorings situated on the continental shelf ( Figure 1 ) from summer 2000 to 2007. The first was an upper water column mooring at nominal depths of 20, 60, and 100 m, and the second was a seabed lander at ∼220 m depth. Unfortunately, deployments of the upper mooring since summer 2004 have been unrecoverable, probably due to iceberg damage, while the lander was only in place after summer 2004.
Sea Surface Temperature
[14] Our mooring measurements provide high temporal resolution information about water column temperature and salinity, but only for a single profile. To investigate spatial variation in ocean conditions we produced a time series of mean sea surface temperature anomaly (SSTA) maps from advanced very high resolution radiometer (AVHRR) data and used the same data to quantify SSTA along a profile located 1 pixel (the data have a resolution of 1°) from the coastline [Reynolds et al., 2002 ; http://iridl.ldeo.columbia.edu/ SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/. Reyn_SmithOIv2/.monthly/.ssta/]. The Reynolds SST series uses the time period 1971-2000 as its baseline from which SSTAs are calculated. To allow higher resolution structure in the sea surface temperature (SST) to be identified, we also used a 4 km resolution weekly MODIS (Moderate Resolution Imaging Spectroradiometer) SST product [Armstrong, 2002] and the 60 m resolution thermal band (6.2 high gain) of Landsat-7 imagery. The Landsat data were converted to radiance using standard equations and the brightness temperature was calculated using the inverse Planck function (available at http://landsathandbook.gsfc.nasa.gov/handbook/ handbook_htmls/chapter11/chapter11.html). Cloud and land were masked by applying a threshold in band 5, and the images dating from post-2003 were interpolated for presentation purposes to remove the striping resulting from the failure of the scanline correction. Finally, the brightness temperature was converted to SST by applying a +1°C correction following a statistical analysis of the Landsat brightness temperature values with temporally and spatially coincident calibrated MODIS data [Armstrong, 2002] . After this correction, 80% of the Landsat pixel values lie within ±0.7°C of the MODIS values, themselves considered to have an accuracy of ±0.25°C [Armstrong, 2002] . Finally, we mapped monthly sea ice coverage along the same coastal profile used for SSTA from the AVHRR sea ice product [16] As the flow speed of these SE Greenland glaciers slowed after 2005, thinning measured along profiles from the front margin also slowed or ceased (Table 3) (Table 3) . While the actual values depend on the length of Figure 1 for catchment locations and Figure 3 for the full data series. 
Listed from north to south measured at distance stated along centerline profile from July or August 2008 front position (locations shown by black dots in Figure 2 ). Values are averages over distances of 300 m; bold values show fastest flow speed in time series. Data source: A, ASTER; L, Landsat 7; E, EN-VISAT-ASAR; D, airborne lidar. N/A, no results available at that location on profile (in year when data are available; blank, no appropriate data available for that year). Sequences of speed for Helheim and Kangerdlugssuaq for speedup and subsequent slowdown on 2000-2001 to 2006 have been published [Luckman et al., 2006; Howat et al., 2007] .
b Locations are in Figure 1 .
the averaging profile chosen or the location for which changes are quoted, the pattern described remains robust.
[17] Analysis of terminus positions showed that, in general, the glaciers retreated during the period to 2005 and then readvanced during the subsequent slowdown period (Figure 3) . The slowdown, cessation of thinning and terminus stabilization was not just limited to the two outlet glaciers previously studied in detail, Helheim and Kangerdlugssuaq [Howat et al., 2007; Stearns and Hamilton, 2007; Joughin et al., 2008] : our results supplement those of Howat et al. [2008] and confirm that the entire SE Greenland region synchronously exhibited the same pattern of a significant slowdown and advance post-2005, which lasted until at least 2008.
Air Temperature, Runoff, and Accumulation
[18] Figure 4 shows the modeled runoff and accumulation for all the SE Greenland catchments throughout the time series, together with air temperature at Tasiilaq (location in Figure 1 ). In all catchments, both runoff and accumulation were highly variable through the 2000s (Figures 4b and  4c [19] The relationship between air temperature and runoff is not straightforward. The air temperature record (Figure 4a However, despite these higher coastal air temperatures, the mass balance model predicts that annual runoff production during 2003 was the lowest in these years throughout SE Greenland (Figures 4b  and 4d ). This low runoff follows high and prolonged snowfall in the previous winter in all catchments (Figures 4c and  4e) , implying meltwater retention in the thicker snowpack. The model predicts that runoff increased after the 2003 minimum (Figure 4b ), subsequently returning to normal, with the highest subsequent runoff thereafter predicted during 2006. This high runoff was caused by low snowfall during the preceding winter (Figure 4c and 4e) . Thus, it is clear that both accumulation and runoff are highly variable and that there are Table 2 . Ice flow from right to left. regional trends across SE Greenland in both surface mass balance components. For the years we study, there seems to be a much stronger inverse relationship between the runoff in a year and the preceding year's snowfall than between runoff and summer temperatures.
[20] The south catchment (Figure 1 ) has the largest runoff and accumulation, with runoff removing the greatest percentage of accumulated snow. Even so, the model predicts that the mean percentage of accumulation melted as surface runoff is ∼40% in the south catchment and is less than ∼13% for all other catchments. This low value emphasizes that changes in mass loss from the front margin from iceberg calving and submarine melt will dominate the region's contribution to sea level rise.
Field Measurement of Ocean Temperatures
[21] At the measurement buoy location (Figure 1 ), salinity shows two annual peaks, in early spring and summer, which are clearest in the shallow records ( Figure 5 ). The peaks are also present in the shallow temperature data, but unlike salinity, have different magnitudes. The early-spring peak is much smaller, coincides with a rise in salinity, and is normally followed by a drop in temperature and salinity in late spring and a summer temperature and salinity high. In this latter peak, temperature is usually higher than the earlyspring event (Figures 5a and 5b) . The late-spring freshening and cooling appears to be associated with the breakup and melt of sea ice, which presumably feeds cold freshwater into the ocean water (Figure 5c ). Evidence for this comes additionally from the interannual relationship between sea ice and salinity, for example, in 2002 when low salinity followed high winter coastal sea ice and a strongly negative SSTA ( Figure 5 ) and subsequently in 2003 when high salinity followed low winter sea ice coverage (discussed further below).
[22] The buoy data add evidence to the assertion that 2003 was an unusual year (Figures 5 and 6 ). Not only was the coastal air temperature unusually high (Figure 4a ), clear temporal peaks in temperature and salinity occurred during 2003 (Figures 5a and 5b) , with ocean temperatures reaching ∼9°C at 20-50 m depth. Temperature versus salinity plots show that the summer waters were both unusually saline and warm (Figure 6 ), implying that Irminger Current waters dominated.
Sea Surface Temperature
[23] Figure 7 shows the regional SSTA from AVHRR data for June through September 2000-2008. These data show that coastal waters during this period were often colder than the baseline period. A negative SSTA developed in many years along the continental shelf through the summer with maximum definition in August-September. The AVHRR data also show the wide-scale nature of warmer water than the baseline period throughout summer 2003 (Figure 7) . During summer 2004, there was a warm water anomaly north of Iceland, but colder water was present close to the SE Greenland coast, being especially apparent from Helheim southward (Figure 7) , and colder water was also present at the coast southward of Kangerdlugssuaq Fjord during 2005. The strongest warm water anomaly of the time series between Iceland and Greenland occurred during July 2007; however, by September that year, a cold water anomaly was again present at the SE Greenland coast ( Figure 5 ). Sea ice was observed along the coastline during June in most years but was largely absent by August in all years ( Figure 8 ): during 2003, it was also absent in July.
[24] For 12 months from October 2002, the SSTA along the SE Greenland coast was positive (Figure 5e ). From late spring 2005, the SSTA along the coast was negative for 24 months, showing that for 2 years the waters were colder than baseline. Indeed, except for a brief excursion to a positive anomaly during July and August 2007, coastal SSTA values have remained negative since 2005.
[25] There are many Landsat images covering the SE Greenland coast during our study period; hence, we present sequences of late August or September thermal images for the Kangerdlugssuaq and south catchments (Figures 1 and 9) , which are the months when the AVHRR data (Figure 7) show the negative SSTA to be best developed.
[26] The Landsat SST data clearly show a cold water band at the SE Greenland coast that varied in width and temperature ( Figure 9 ). Unfortunately no Kangerdlugssuaq image is available for 2003, but consistent with the AVHRR data images from this area, the Landsat data show the widespread occurrence of warm water at the coast during 2004 compared to other years ( Figure 9a ). In contrast, despite another warm water incursion during 2007, there was cold water at the coast by early August southward of Kangerdlugssuaq. The southern images (Figure 9b ) cover an area offshore from the south catchment and coincide with a region of narrow continental shelf (Figure 1 ). In this location there was a narrow band of cold water along the coast that varied in width from ∼25 to 65 km between years.
Discussion

Observation of EGC/EGCC in SST Data
[27] In accordance with Bacon et al. [2002] we interpret the cold water band at the coast in Landsat data and the equivalent negative coastal SSTA in the AVHRR data as the expression of the EGC/EGCC (Figures 7 and 9 ). Using typical widths for the EGCC from the work of Sutherland and Pickart [2008] , the SST of the EGCC was ∼2°C lower than the EGC as measured from Landsat thermal data comparing average temperature between 3-33 km and 22-63 km from the coast [Sutherland and Pickart, 2008] . The Landsat data show the EGCC was narrowest and least well defined in 2003-2004; however, by late September 2005, a wide cold coastal surface water current was present (Figure 9 ). The SSTA in the AVHRR data concur with this interpretation.
[28] The Landsat images from the Kangerdlugssuaq catchment (Figure 9a ) provide strong evidence for the EGCC starting at this location, in accordance with Sutherland and Pickart [2008] , with little cold water transported along the coast from further north during this time of year. The images from 2000, 2005, and 2007 are the most supportive. However, our Landsat images do not support the suggestion that the EGCC forms due to the diversion of cold EGC waters through the Kangerdlugssuaq glacial trough (Figure 1) to the coast [Sutherland and Pickart, 2008] . Indeed, at Kangerdlugssuaq, the glacial trough appears to be delineated by high SSTs. While we must recognize that the SST is representative only of the very surface of the ocean, it is hard to explain the consistent high SSTs over the trough without warm water occurring at depth as well.
What Was the Cause of the Glacier Dynamic Event?
[29] The synchronous nature of the previously reported speedup and subsequent prolonged slowdown over such a large region rules out any local control, such as retreat of each glacier front into an overdeepening (as was suggested by Howat et al. [2008] ). Thus, we examine two regional triggers for these responses. First, we consider air temperature and increased runoff, and second, the influence of ocean temperatures.
[30] Our mass balance modeling shows runoff in southeast Greenland was at a minimum in 2003 and low again in 2004, despite above average coastal air temperatures. The acceleration of these glaciers therefore occurs at a time of low runoff. Runoff was particularly high in 2006, which matches the period of maximum slowdown. On this basis, we reject increased surface runoff as the controlling factor for the increased speed of these SE Greenland tidewater glaciers, since their speedup is synchronous with reduced runoff, and their slowdown coincided with maximum runoff.
[31] Although the presence of a thick snowpack would limit catchment-wide runoff, higher coastal air temperatures would cause more melt close to the exposed glacier front. This increased melt would potentially increase water input and levels in crevasses and could drive increased circulation at the calving front, both of which can increase iceberg calving rates [Benn et al., 2007; Motyka et al., 2003] . Coastal air temperatures at Tasiilaq were higher than usual during [2003] [2004] [2005] (Figure 4a ), whereas on 2006 and 2007 they were lower (albeit higher than 2000-2002) . The minor reactivation at Helheim in 2007 occurred when air temperatures were not significantly higher than the preceding year (Figure 4a) . Thus, there is no strong correlation between air temperature and the glacier dynamic changes we report. However, it should be noted that Tasiilaq is located close only to Helheim and Ikertivaq glaciers, and so, without further evidence, this effect cannot be wholly ruled out as the driver for these dynamic changes. Furthermore, coastal air temperatures and SST are clearly interrelated.
[32] The other regional factor linking the outlet glaciers in SE Greenland is the ocean [cf. D. M. Straneo et al., 2010] . Although the mooring data show water conditions only at a single point, the warm saline water recorded at depth in 2003 was clearly part of a widespread anomaly on the SE Greenland coast that year as evident in the [34] Our interpretation of these data is that the dynamics of these glaciers are controlled principally by the temperature of the ocean waters. It is clear that in order for this to occur there must be exchange of waters between the coast and the fjords, with the warm water at the coast entering the fjords and reaching the glacier front margins. This exchange appears to occur on both the west coast of Greenland, with warm water impacting the velocity of Jakobshavn Isbrae [D. M. , and the east coast, where warm waters have been reported in both Kangerdlugssuaq [Christoffersen et al., 2008] and Sermilik [Straneo et al., 2010] fjords. Warm surface water is clearly visible in the Landsat SST at the location of major troughs (e.g., compare Figure 1 and Figure 9 ), including Helheim and Kangerdlugssuaq, suggesting that warm water is routed toward the coast via these bathymetric features. At Jakobshavn, the arrival of warm water in the fjord required it to overtop the shallow sill at the fjord mouth [D. M. . While the bathymetry of all of the SE Greenland fjords is not well known, neither Sermilik nor Kangerdlugssuaq fjords have coastal sills [Buch, 2002] , so there should be little impediment to the exchange of water between the fjords and the ocean. However, we note that the processes of water circulation within these fjords, their bathymetry, and the subsequent impact of this water on the glacier front and glacier dynamics are poorly constrained and require further research. Undercutting of the calving cliff, melt beneath any floating tongue or mélange, and changes in circulation at the glacier front [Motyka et al., 2003 ] are likely to be key controls.
Do the Glaciers Affect the EGCC?
[35] Having shown a possible connection between coastal waters and glacier dynamics in SE Greenland, we next consider the contribution of these glaciers to the cold freshwaters of the EGCC. It is clear that the 2003-2005 speedup resulted in large volumes of icebergs being calved from these glaciers, most of which will have melted in the fjords or in transport along the coast, thus directly contributing to the coastal EGCC. Unfortunately, there are no ice thickness estimates for most of the glacier catchments, making a robust estimate of the iceberg input to the EGCC difficult. Rignot and Kanagaratnam [2006] [36] In addition to the iceberg contribution to the current, we must also consider meltwater runoff from the glaciers and from snowmelted in unglaciated parts of the fjord catchments together with changes in these contributions over time. Although runoff produces less water volume than iceberg calving ( Figure 3 and Table 1), the water is produced at the glacier front or runs directly into the fjord and may hence have more impact on the glacier than icebergs that melt within the coastal current. As noted above, the lowest glacial runoff , with the availability of this freshwater increasing southward along the coast. We hypothesize that this ice sheet-derived water (icebergs plus meltwater) is the cause of the negative coastal SSTA developed during the later summer months. This cold water is clearly observed in the Landsat SST images, in which Kangerdlugssuaq is seen contributing a plume of cold water into the coastal waters ( Figure 9 ). We further suggest that this water makes a significant contribution to the EGCC, at least later in the summer [cf. Bacon et al., 2002] .
[38] Is the volume of water and ice added by iceberg calving and glacier runoff sufficient to affect the temperature of the EGCC? If we assume the discharge from the ice sheet calculated above occurs evenly distributed over a 100 day period in summer, then we can compare this flux with the total transport in the EGCC, ∼0.8 Sv [Bacon et al., 2002] . This simple calculation suggests ∼3%-4% of total volume of the waters in the EGCC results from iceberg calving and ice sheet runoff. Assuming the ice sheet-derived water is at 0°C and 0 salinity, this flux would reduce the temperature of the EGCC by 0.2°C-0.25°C and salinity by 1-1.4 for the whole of this period. However, much of the discharge is icebergs, which take up a latent heat flux when they melt, cooling their surroundings. Icebergs take about 12-24 days to travel along the coast in the EGCC if it is flowing at 0.5-1.0 m s −1 [Sutherland and Pickart, 2008] . Each km 3 of ice at 0°C that melts has the potential to lower a water mass of the volume of the EGCC by ∼0.05°C. If ∼50% of the ice melts in transit and ∼1/5 of the icebergs calved are in transit at any time in the 100 days of summer then the minimum estimate for 2005 of the melting of 50% of 200 km 3 of ice will lower the temperature of the EGCC by ∼1°C over the 100 days.
[39] This calculation is clearly simplistic, ignoring, for example, the likelihood of icebergs being at temperatures below 0°C and the storage of icebergs within the ice mélange. However, it does show the potential for the temperature and salinity of the EGCC to be seasonally and interannually affected by the discharge from these glaciers.
[40] It seems that ice sheet runoff and iceberg melt can make a significant contribution to the temperature and salinity of the EGCC during summer. The interpretation is further supported by (1) the difference between air and sea surface temperature being greatest in 2005 when iceberg calving rates were highest ( Figure 4a) ; (2) comparison of mooring and SSTA data: lowest temperatures at the former typically occur in late spring (around May) due presumably to sea ice breakup ( Figure 5a) ; subsequent negative SSTA in the EGCC values during August (Figure 7 ) must be due to runoff and calving; and (3) the coastal positive SSTA started to reduce in 2005 (Figure 5e ), which must therefore have resulted from ice sheet sources because there was low coastal sea ice coverage that year (Figure 5c ).
Feedback Between Glaciers and the EGCC
[41] We propose that the glaciers themselves contributed to their own slowdown in a negative feedback with the waters of the EGCC (Figure 10 ). Faster flow was initiated when coastal waters were warm, resulting from a weak EGCC at a time of low meltwater runoff and calving. The glaciers sped up, increasing their calving rates while runoff also recovered. This increased ice discharge from the ice sheet delivered additional cold water into the EGCC, contributing to its Figure 10 . Schematic showing the hypothesized negative feedback from increased iceberg discharge and runoff when the SE Greenland outlet glaciers accelerate or lose additional mass through increased surface melting.
recovery and acting to stabilize the flow speeds of SE Greenland glaciers. Thus, we suggest that the ice sheet's input to the EGCC provides a negative feedback, which tends to restabilize these sensitive SE Greenland glaciers if their ice discharge increases substantially (Figure 10 ). However, we also note that there has been an overall increase in temperatures within North Atlantic waters [e.g., Todd et al., 2008] and the Irminger Current [Myers et al., 2007] in recent decades, which might drive a regional trend, or more frequent or larger glacier dynamic events, in response to warm water incursions.
Conclusions
[42] The early 2000s speedup of SE Greenland tidewater outlet glaciers was followed by a widespread and synchronous slowdown event, which suggests that the first-order dynamic control is regional. Runoff lubrication of the glaciers does not provide the explanation for this speedup/slowdown event, and there is evidence that increased surface melt at the front is also not the dominant control. We suggest that the speedup was the result of warm ocean waters coming into contact with the glaciers and have identified an important control on the glaciers' response, namely the cold waters of the coastal EGCC, which weakened during the speedup and restrengthened coincident with the slowdown. We have also suggested a negative feedback that currently mitigates against continued very fast loss of ice from the ice sheet in a warming climate.
[43] Our results suggest that regional ocean forcings play an important part in controlling the dynamics of the SE Greenland glaciers. Since these SE Greenland outlet glaciers have dominated recent changes in ice sheet mass loss, the negative feedback we identify will also help regulate Greenland's contribution to sea level rise against a background of increasing ocean temperatures. We should expect similar speedup and slowdown events of these glaciers in the future, which will make it difficult to elucidate any underlying trend in mass loss resulting from changes in this sector of the ice sheet.
[44] Finally, we recognize that the water in the glacier fjords on the SE Greenland coast will act as an important buffer between warm ocean water and the glaciers themselves. We do not believe that current knowledge about water circulation in these fjords is sufficient, nor about the processes that would control the impacts and time scales of water reaching the ice or the duration of its impact. We thus suggest the processes of fjord water circulation and its effect on glacier dynamics as high priorities for future research.
